The HIV-2 serotype of HIV is a cause of disease in parts of the West African population, and there is evidence for its spread to Europe and Asia. HIV-2 reverse transcriptase (RT) demonstrates an intrinsic resistance to non-nucleoside RT inhibitors (NNRTIs), one of two classes of anti-AIDS drugs that target the viral RT. We report the crystal structure of HIV-2 RT to 2.35 Å resolution, which reveals molecular details of the resistance to NNRTIs. HIV-2 RT has a similar overall fold to HIV-1 RT but has structural differences within the ''NNRTI pocket'' at both conserved and nonconserved residues. The structure points to the role of sequence differences that can give rise to unfavorable inhibitor contacts or destabilization of part of the binding pocket at positions 101, 106, 138, 181, 188, and 190. We also present evidence that the conformation of Ile-181 compared with the HIV-1 Tyr-181 could be a significant contributory factor to this inherent drug resistance of HIV-2 to NNRTIs. The availability of a refined structure of HIV-2 RT will provide a stimulus for the structure-based design of novel non-nucleoside inhibitors that could be used against HIV-2 infection.
T
he reverse transcriptase (RT) of HIV-1 has been one of the main targets for the development of anti-AIDS drugs. Combination therapy involving use of anti-RT drugs together with protease inhibitors has led to diminished mortality rates from AIDS in Western countries. HIV-2 is a distinctive HIV serotype that is less widely disseminated than HIV-1. Individuals infected with HIV-2 can go on to develop AIDS but generally do so after a longer clinical latency period than that for HIV-1 (1). HIV-2 infection is thought to have an overall lower morbidity rate than HIV-1, although certain individuals can be more susceptible (2) . HIV-2 is most commonly found in certain areas of West Africa, but there is some evidence of a spread of the virus into other geographical regions such as Western Europe (3) and Asia (4) . Although HIV-2 RT shows significant amino acid sequence homology to HIV-1 RT, it has marked differences in inhibition by non-nucleoside reverse transcriptase inhibitors (NNRTIs). Additionally, there are differences in kinetic parameters for both the polymerase and RNaseH activities (5) , and HIV-2 RT forms a more stable p68͞p55 heterodimer compared with the p66͞p51 HIV-1 RT heterodimer (6, 7) . NNRTIs are structurally diverse hydrophobic molecules that are largely specific for HIV-1 RT, most compounds being completely inactive against HIV-2 RT (8) . NNRTIs inhibit HIV-1 RT by binding to an allosteric site Ϸ10 Å from the polymerase active site, which results in the distortion of the key catalytic aspartic acid residues (9, 10) . Nucleoside analogue inhibitors of RT (NRTIs) such as zidovudine and lamivudine in their 5Ј-triphosphate forms act as DNA chain terminators and generally have a broad spectrum of antiviral activity that includes HIV-2 as well as HIV-1 (11) . Studies of chimeric HIV-1͞HIV-2 RTs have indicated some general regions that contribute to the lack of binding of the ''first generation'' NNRTI nevirapine to HIV-2 RT (12). Some current combination therapies for HIV-1 infection include NNRTI drugs, either nevirapine, delavirdine, or efavirenz. Such regimens would be less effective for treating HIV-2 infection, and thus NNRTI drugs active against this serotype would be desirable. A few examples of inhibition of HIV-2 RT by NNRTIs are known, but such inhibition tends to be orders of magnitude weaker than for HIV-1 RT. Thus, the NNRTI phenylethylthiazolylthiourea (PETT)-2 inhibits HIV-2 RT with an IC 50 of 2 M, whereas the corresponding value for HIV-1 RT is 5 nM (13) . Kinetic evidence indicates that PETT-2 does not compete with template-primer or dNTP, consistent with it binding to HIV-2 RT at an equivalent to the HIV-1 RT NNRTI site (13) .
Although there are numerous crystal structures of HIV-1 RT published, including complexes with inhibitors (14-16), DNA (17, 18) , and unliganded structures (9, 19, 20) , there have been no crystal structures reported for HIV-2 RT. A number of examples of high level expression and purification of HIV-2 RT have been published (5, 6, 21 ), yet these preparations apparently have yielded neither crystals nor structures for this enzyme.
We report here the crystal structure of HIV-2 RT, which has been refined to a resolution of 2.35 Å. The availability of this structure will provide a rational framework for the design of non-nucleoside inhibitors active against HIV-2.
Materials and Methods
Protein Purification, Crystallization, and Data Collection. Cloning, expression, purification, and crystallization of HIV-2 RT (from the pROD isolate, but containing a mutation of Arg286Ser) were as described (22) . Briefly, crystals were grown by sitting drop vapor diffusion from droplets consisting of equal volumes of 12 mg͞ml HIV-2 RT and 40% ammonium sulfate, either unbuffered or with 0.1 M Tris (pH 8.5). Crystals grew in the presence or absence of 0.7 mM PETT-2, 10% glycerol, or up to 20% DMSO, and were equilibrated briefly in combined adjacent droplets not containing crystals, to which further glycerol was added, giving a final concentration of 20% (vol͞vol) before being frozen directly in an Oxford Cryosystems Cryostream for data collection at 100 K at synchrotron sources. The beamlines used were as follows: station PX14.2 at SRS Daresbury (Synchrotron Radiation Source Daresbury, Warrington, Cheshire, U.K.; Dataset 1); station ID14-EH2 at ESRF (European Synchrotron Radiation Facility, Grenoble, France; Dataset 2). In the latter case, data from two separate crystals were merged. Data frames of 1°were recorded on ADSC-q4 (Area Detector Systems This paper was submitted directly (Track II) to the PNAS office.
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Corporation, San Diego) charge-coupled device (CCD) detectors. HIV-2 RT crystals belong to the orthorhombic space group P2 1 2 1 2 1 , with a single heterodimer in the asymmetric unit, and showed variations in unit cell dimensions (Table 1) . Data were processed with DENZO and SCALEPACK (23) .
Structure Solution and Refinement. The HIV-2 RT structure was solved by molecular replacement with the program CNS (24) using coordinates for the unliganded HIV-1 RT heterodimer 1hmv (19) . The structure was refined by using CNS, with positional, simulated annealing and individual B-factor refinement with bulk solvent correction and anisotropic B-factor scaling. Model building was carried out by using O. Coordinates for HIV-1 and HIV-2 RT were overlapped using SHP (25) . Statistics for the refined structures are shown in Table 1 .
Results and Discussion
Structure Determination of HIV-2 RT. Of a range of HIV-1 RT coordinate sets tested as search molecules for the molecular replacement, the unliganded structure (19) was successful in producing a solution using HIV-2 RT data to 3.3-Å resolution (Dataset 1, see Table 1 ). The limited resolution of these data allowed partial refinement of the structure (R work of 0.36). Subsequent growth of better quality crystals of HIV-2 RT led to a higher resolution dataset to 2.7 Å, against which the HIV-2 RT coordinates from Dataset 1 were refined (R work of 0.187, data not shown). Finally, larger crystals were obtained, which allowed the collection of high-resolution data (2.35 Å, Dataset 2), and the model was refined to an R factor of 0.189 (R work ͞R free of 0.194͞0.241) with the retention of good stereochemistry (Table  1) . Electron density was of excellent quality ( Fig. 1A) and clear for the majority of the polypeptide chain except for breaks at residues 1-2, 68-71, 357-358, and 556-559 in the p68 subunit and 1-5, 92-94, 212-228, and 432 onwards in p55. Dataset 1 gave no convincing electron density for PETT-2 despite the inclusion of this inhibitor in the cocrystallization, and thus HIV-2 RT preferentially crystallizes as the unliganded form under the conditions used. Although the HIV-2 RT crystals have the same space group and similar unit cell dimensions to our HIV-1 RT crystals (26, 27) , the molecular packing in the crystals is different, resulting in the central RNA͞DNA binding cavity being open to solvent for HIV-2 RT while it is blocked in the HIV-1 RT crystals by the p51 thumb domain from a symmetry-related molecule. Neither the presence of the Arg286Ser mutation (in either p68 or p55) nor the truncated C-terminal region of p55 appear to be near crystal contacts and thus do not apparently directly contribute to the formation of these high-resolution crystals of HIV-2 RT.
Overall Fold of HIV-2 RT and Comparison with HIV-1 RT.
The subunit and domain organization of the HIV-2 RT p68͞p55 heterodimer is shown in Fig. 1 B and C. The domain structure of HIV-2 RT p68͞p55 corresponds to that of the p66͞p51 HIV-1 RT heterodimer (14, 15, 18, 19) . There are five domains in the larger subunit, the first three (termed fingers, palm, and thumb) are arranged as in a right hand and are followed by the connection and C-terminal RNaseH domains (14) . The smaller subunit lacks the RNaseH domain, and the four remaining domains are disposed differently and more tightly packed than for the p68 subunit. In our model, the p55 subunit ends at residue 431, which agrees with mass spectrometry, suggesting that, as well as truncation of the C-terminal region, there are five residues absent from the N terminus (22) . The thumb domain of the p68 subunit adopts a folded down conformation ( Fig. 1 B and C) similar to that seen in crystals grown of the unliganded HIV-1 RT (19, 20) , resulting in a partial occlusion of the cleft, which explains why the initial molecular replacement models of HIV-1 RT containing a more extended thumb domain conformation did not give the correct solution. The thumb domain of the p68 of HIV-2 RT is rotated by 8°, 37°, and 48°relative to unliganded (19) , DNA͞dNTP-bound (17) and nevirapine-bound (15) HIV-1 RTs, respectively, after the overlap of the whole molecules. Detailed comparison confirms that the greatest similarity of HIV-2 RT to an HIV-1 RT is indeed with the unliganded structure (19) where 720 residues can be superimposed with an rms deviation in C␣ positions of 1.6 Å.
Comparison of the NNRTI Site in HIV-1 RT with the Equivalent Region of HIV-2 RT. The NNRTI site in HIV-1 RT is positioned within the palm domain of the p66 subunit, and a comparison of this with the structurally equivalent region of HIV-2 RT (both as unliganded states) is shown in Fig. 2A . For HIV-1 RT, the presence of a bound NNRTI leads to some conformational rearrangements; for example, the side chains of two residues of the pocket, Tyr-181 and Tyr-188, rotate upwards through Ϸ120°. For HIV-2 RT, it can be seen that, despite amino acid sequence differences, the overall structure of this region is maintained, and the rms deviations for ␣-carbons for the overlap of 110 HIV-1 and HIV-2 residues surrounding the NNRTI site is 1.1 Å. Residues that are involved in NNRTI contacts in HIV-1 RT include 95, 100-103, 106, 138 (P51), 179, 181, 188, 190, 224-225, 227, 229, 234-236, and 318. There are numerous changes in the nature of the side chains of these regions: Lys101Ala, Val106Ile, Val179Ile, Tyr181Ile, Tyr188Leu, Gly190Ala, Glu224Asp, His235Trp, and Glu138Ala (p55) (HIV-1 relative to HIV-2). These amino acid substitutions not only lead to significant changes in side-chain bulk but also in electrostatic properties; thus, in two cases there is a change of a positive to neutral charge and in one a change from negative to neutral charge (28) . The sequence differences at the two key tyrosine residues 181 and 188 of HIV-1 RT do not lead to large shifts in main-chain positions (deviation in ␣-carbon positions of 0.5 and 0.4 Å, respectively). Indeed, some conserved residues show larger differences; for example, the C␣ of Leu-100 moves by 1.0 Å, with side-chain CG atoms displaced by 2.5 Å (Fig. 2 A) . For the conserved Trp-229 residue, the C␣ is displaced by 1.3 Å from its position in HIV-1 RT. The structural differences in this region appear somewhat larger than earlier suggestions and include main-chain movements (28) . At residue 235, the main chain forms part of the NNRTI site, and there is a change from His (HIV-1 RT) to Trp (HIV-2 RT), resulting in a widening of this region of the pocket in HIV-2 RT, which is in contrast to an earlier suggestion that the marked difference in the binding potency for PETT-1 and PETT-2 compounds (which differ only by a chlorine or nitrile substituent on a pyridine ring) to HIV-2 RT could partly be explained by a narrowing of the NNRTI pocket at this point (13) . It is thus possible that PETT-2 binds to HIV-2 RT in a somewhat different mode to that observed for HIV-1 RT.
Structural Basis for Resistance of HIV-2 RT to NNRTIs: Evidence from the p68 Subunit. The determination of the structure of HIV-2 RT allows us to attempt to rationalize its inherent drug resistance to the NNRTIs. First, it should be noted that, although the structure of the binding site is not grossly dissimilar between HIV-1 and HIV-2 RTs, there are alterations in the positions of some conserved residues (e.g., Leu-100) that could in turn perturb potential NNRTI binding. There are also significant side-chain differences between HIV-2 and HIV-1 RT. Although Tyr181Ile and Tyr188Leu retain similar locations in the two structures, the loss of both aromatic side chains results in the abolition of ring stacking interactions with many inhibitors. Such interactions are a major contribution to the binding energy of first generation NNRTIs such as nevirapine to HIV-1 RT (12, (29) (30) (31) . Inhibition data for chimeric HIV-1͞HIV-2 RTs (12) indicate that additional amino acids in the region of 179-189 also contribute to NNRTI binding. However, even these residues do not fully account for all of the difference in affinity for nevirapine. In particular, we have to consider those residues in the 100-106 region, which also interact with NNRTIs. The change of Val106Ile mimics a mutation observed in HIV-1 RT where it confers drug resistance to UC-781 (32) . The result of this change in HIV-2 RT is that the isoleucine side chain extends a further 2.8 Å into the pocket, potentially blocking some NNRTIs. The Lys101Glu mutation in HIV-1 RT gives resistance to NNRTIs such as GW420867X (33) . In HIV-2 RT, this residue is an alanine, which shows the same trend in size and electrostatic properties as seen for the drug resistance mutation in HIV-1. Residue 101 is positioned at the edge of the NNRTI pocket in HIV-1 RT and can hydrogen bond to Glu-138 in the adjacent p51 subunit, effectively sealing off one side of the pocket from solvent. Mutation of Glu138Arg or Glu138Lys (in p51 of HIV-1 RT) gives resistance to certain NNRTIs, including PETT compounds (34) . Residue 138 in HIV-2 RT is alanine, a change to a less bulky uncharged side chain compared with HIV-1 RT. The changes to alanine residues at both positions 101 and 138 would result in greater access for solvent, presumably destabilizing the pocket and weakening inhibitor binding. A further consequence of these changes is the creation of a cavity that in our HIV-2 RT structure is occupied by a glycerol molecule and a sulfate ion (Fig. 2C) . A further change in a residue flanking the NNRTI pocket occurs at position 108, which is changed from valine to isoleucine in HIV-2 RT, a known drug resistance mutation in HIV-1 RT (35). Although not in direct contact with NNRTIs, this 108 mutation is thought to exert an effect indirectly via residue 188 which is itself different in HIV-2 RT. Finally, Gly-190 can form a close contact with some NNRTIs such as nevirapine (14, 15) , and, although the Gly190Ala change is not a known resistance mutation in HIV-1 RT, it would cause a steric clash with certain NNRTIs.
In addition to simply mapping the HIV-2 mutations into the NNRTI binding pocket, we must also address the question of whether conformational changes required for the formation of an NNRTI binding site would be structurally feasible in HIV-2 RT. We have previously shown that the structural mechanism for the inhibition of HIV-1 RT by NNRTIs is via a distortion of the active site aspartates (9) . This rearrangement appears directly linked to the formation of the NNRTI pocket in which Tyr-181 and Tyr-188 undergo a transition from a ''down'' to an ''up'' position. The presence of the same architecture for the polymerase active sites of HIV-1 and HIV-2 RTs means that the ␤-sheet (␤4, ␤7, and ␤8) containing the key catalytic aspartate residues has no apparent barrier to the movement seen in HIV-1 RT resulting from the binding of an NNRTI in the adjacent pocket. We show from the results reported here that, for the unliganded state, the overall structure for the NNRTI binding region is similar but not identical between HIV-1 and HIV-2 RT.
Structural Basis for Resistance of HIV-2 RT to NNRTIs: Evidence from the Inactive p55 Subunit. We are fortunate that some features of the p66 NNRTI binding site can, for HIV-1 RT, be inferred in the absence of ligands by examining the corresponding region in the inactive p51 subunit of HIV-1 RT. Thus, we previously noted that this region adopts a very similar conformation to the pocket with an NNRTI bound in the p66 subunit, with both Tyr-181 and Tyr-188 in the up position characteristic of the NNRTI bound state (9) . Because both of these residues in HIV-2 RT are much more compact, the question arises of how an energetically unfavorable void is overcome in the p55 subunits. In fact, the stabilization is achieved through some rather modest rearrangements, the two major changes being in the tyrosine residues conserved between HIV-1 and HIV-2 RTs (Tyr-183 and Tyr-232), which swing around to occupy the cavity formed in the vicinity of Ile-181 and Leu-188 (Fig. 3) . Residue 183 may be in a somewhat strained conformation because there is also evidence in the electron density for a second minor conformation. The conformation of 181 and 188 themselves also differ between the p68 and p55 subunits; Leu-188 adopts an up position and has a similar 1 value to Tyr-188 of HIV-1 RT (Ϫ33 and Ϫ68°, respectively). Despite this similarity in 1 value, the leucine side chain projects into the space that would be occupied by an NNRTI due to its branched aliphatic stereochemistry. Ile-181 is not in a fully up position (1 ϭ 100 and 173°), and together with its branched aliphatic side chain, means it projects more into the volume of the binding site, occupied by NNRTIs in HIV-1 RT (Fig. 2B) . It would thus seem unlikely that first generation NNRTIs could be located in the pocket in an analogous way to that in HIV-1 RT, and this appears to be a significant contributing factor to the lack of potency for this class of NNRTI binding to HIV-2 RT. The second generation NNRTI efavirenz has some interaction with Tyr-188 yet has minimal contact with Tyr-181 (36, 37) , in contrast to nevirapine (14, 15) , and these differences in interactions could explain in part why the mutant Leu188Tyr HIV-2 RT has significant sensitivity to efavirenz but not to nevirapine (38) . By contrast, delavirdine, which is classed as a first generation NNRTI but has no contact with Tyr-181 in HIV-1 RT (39), can strongly inhibit Leu188Tyr HIV-2 RT (38). Intriguingly PETT-2, a first generation NNRTI with close ring stacking interactions with Tyr-181 in HIV-1 RT (13), retains significant inhibitory potency against wild-type HIV-2 RT, perhaps indicating a different binding mode in HIV-2 RT.
Design of Non-Nucleoside Drugs Active Against HIV-2 RT. We have seen that the structure of the NNRTI pocket in HIV-2 RT is more constricted than in HIV-1 RT. However, there is some residual volume that might accommodate potential inhibitors, which would be likely to be significantly different to those tailored for HIV-1 RT. The less bulky side chains at positions 138(p55) and 101 in HIV-2 RT create a potential binding site that is occupied in our structure by a glycerol molecule (Fig. 2C) . We suggest that other drug-like molecules could be designed to fit this site. Although occupation of this pocket would not distort the catalytic aspartates, it might inhibit relative domain movements because it is positioned at the boundary of the p68 palm, p68 connection, and p55 fingers domains. Alternatively, an inhibitor might be designed that spans the 5 Å from this novel site to the NNRTI pocket. The availability of a high-resolution HIV-2 RT structure determined to 2.35 Å has allowed us to dissect out factors giving rise to the inherent NNRTI resistance of this HIV serotype. Although the changes in the chemical nature and conformation at residues Ile-181 and Leu-188 probably contribute most to this resistance, differences such as at 101, 106, 108, 138, and 190 also appear significant. The challenge now will be to use structural information to allow the design of novel inhibitors that target HIV-2 RT, which might not only lead to more effective therapies against this HIV serotype but also could help in the development of non-nucleoside inhibitors active against reverse transcriptases from a broader range of human retroviral pathogens. 
